Ixodes scapularis ticks transmit a number of human pathogens, including the Lyme disease spirochete Borrelia burgdorferi. I. scapularis suppresses host immunity in the skin to promote feeding and systemically skew T-helper (Th)-cell differentiation toward Th2 cells in secondary lymphoid organs. Although components of tick saliva are known to influence Th-cell polarization, the mechanism whereby tick feeding in the skin modulates regional and systemic Th-cell responses is unknown. In this study, the role of the epidermal Langerhans cell (LC) subset of skin dendritic cells in tick-mediated Th1/Th2-cell immunomodulation was assessed. Mice deficient in LCs (Langerin-DTA mice) exhibited enhanced lymph node (LN) concanavalin A (ConA)-induced Th1 responses after tick infestation in comparison to results for uninfested Langerin-DTA or wild-type (WT) mice, whereas effects on Th2-cell production of interleukin 4 were more variable. Nonetheless, the altered T-cell response did not impact tick feeding or refeeding. Gamma interferon production by ConAstimulated LN cells of both WT and LC-deficient mice was enhanced by as much as fourfold after B. burgdorferi-infected-tick feeding, indicating that immunomodulatory effects of tick saliva were not able to attenuate the Th1 immune responses induced by this pathogen. Taken together, these findings show a requirement for LCs in the tick-mediated attenuation of Th1 responses in regional lymph nodes but not in the spleens of mice and show that the presence of a pathogen can overcome the Th1-inhibitory effects of tick feeding on the host.
Blood-feeding arthropods are responsible for a significant proportion of all vector-borne infections, which number in the hundreds of millions annually worldwide (35, 36) . In the United States, Lyme disease, due to infection with the spirochete Borrelia burgdorferi, is the most common arthropodtransmitted disease, with more than 20,000 cases reported in 2007 alone (3a, 32) . Ixodes scapularis is the primary vector for B. burgdorferi in North America, and it also transmits several other pathogens associated with emerging infectious diseases, including Anaplasma phagocytophilum and Babesia microti. Each of these pathogens has established a life cycle that requires their sequential passage between a vertebrate host and ticks, underscoring the importance of tick feeding in maintaining these pathogens in nature.
Interaction between the tick and the blood meal host has a significant impact on the host immune system and has been shown to enhance pathogen transmission (24) . I. scapularis ticks must remain attached to their hosts for several days to acquire their blood meals and consequently have developed strategies to avoid immune rejection by the host (8, 11, 18, 25, 26, 31, 34, 39) . I. scapularis saliva has pharmacologic properties that allow feeding to occur without host detection of the tick, which vector-borne pathogens like B. burgdorferi have exploited to establish infection and survive in the mammalian host (25) (26) (27) 34) . Proteomic analysis of tick saliva has revealed antihemostatic, anti-inflammatory, and immunomodulatory components, which are thought to subdue the host cutaneous immune response and promote ingestion of the blood meal (18, 26, 34) . In addition to effects on local immunity, the feeding of I. scapularis ticks on mice has been reported to result in systemic immune deviation of T-helper (Th) responses toward the anti-inflammatory Th2 type, as assessed by mitogen (concanavalin A) stimulation of lymphocytes harvested from the spleens 7 to 10 days after tick placement (30, (40) (41) (42) .
Although many of the effects of tick feeding have been linked to components of tick saliva (9, 10, 26, 34, 38) , the mechanism(s) whereby tick feeding leads to systemic modulation of Th-cell cytokine production, distant from the tick bite in the skin, remains poorly understood. Dendritic cells in the skin, including epidermal Langerhans cells (LCs) and dermal dendritic cells (DCs), are key antigen-presenting cells that prime T-cell responses in regional draining lymph nodes after skin disruption. LCs in particular perform a sentinel function by detecting foreign antigens in the skin and migrating to the lymph nodes, where they are thought to interact with T cells and influence the Th-cell response through specific cytokine production (28) . Although they were originally thought to play a seminal role in the priming of T-cell responses, more-recent studies have revealed that they can also modulate T-cell priming by other antigen-presenting cells (14-17, 20, 28, 37) . Disruption of E-cadherin attachments of LCs to keratinocytes in the skin can induce LC migration in an immature state in which they can induce tolerance in the host, in part through the secretion of cytokines that promote Th2 responses (12) . LCs appear to suppress the development of Th1 responses, as has been shown by the increase in the type IV hypersensitivity reaction to the contact allergen 2,4-dinitrofluorobenzene in mice genetically deficient in epidermal LCs (Langerin-DTA mice) (14) . Additionally, studies using a mouse model of skin allograft rejection demonstrated that an absence of LCs leads to graft rejection, suggesting that LCs play a regulatory role in skin graft acceptance (23) . In this study, we evaluated the role of LCs in the modulation of regional and systemic T-cell responses by tick feeding. Our results implicate LCs in tickfeeding-induced suppression of Th1 responses in the regional draining lymph nodes but not in modulation of systemic splenic Th-cell responses.
MATERIALS AND METHODS
Mice. The FVB strain of mice deficient in epidermal Langerhans cells, Langerin-DTA transgenic mice, were produced as described previously (14) . Langerin-DTA mice contain an attenuated form of diphtheria toxin under the control of genomic bacterial artificial chromosome elements that restrict expression to epidermal LCs. These mice lack LCs but continue to express dermal DCs that bear the langerin marker (5, 14) . Nontransgenic littermates were used as wild-type (WT) controls. Six-to twelve-week-old Langerin-DTA and WT mice were used for all experiments. Mice were housed in filter-frame cages and administered food and water ad libitum according to Yale University animal care and use guidelines. Mice were euthanized by carbon dioxide asphyxiation. The Yale animal care and use committee approved all studies involving mice.
Tick infestation of mice. All experiments were performed with either uninfected nymphal I. scapularis ticks or nymphal I. scapularis ticks experimentally infected with Borrelia burgdorferi strain N40 as described previously (2) . Ticks were maintained in a laboratory-reared tick colony at the Yale University School of Medicine. Mice were mildly anesthetized with ketamine (100 mg/kg of body weight) and xylazine (10 mg/kg) prior to tick infestation. Five nymphal ticks were placed in each ear canal of the mice (10 ticks/mouse), after which mice were placed in individual cages. Ticks were allowed to feed to repletion, the duration of which varies from 3 to 5 days, and detach naturally into a water bath. Ticks were collected from the water bath on a daily basis for up to 1 week. In experiments evaluating tick feeding patterns, engorged ticks were collected, rinsed in water, and allowed to air dry before being weighed using a Mettler balance. For repeated tick feedings, groups of 10 uninfected nymphal ticks were fed on groups of WT and Langerin-DTA mice (2 mice per group) every 21 days for a total of 3 separate infestations. Ticks were collected and weighed as described above.
Measurement of T-cell cytokine production. Spleens and regional lymph nodes (superficial cervical, deep cervical, mediastinal, axillary, and brachial) were harvested from Langerin-DTA and WT mice on day 7 after tick infestation and triturated between the frosted ends of two sterile glass slides to create cell suspensions. After red blood cell lysis, splenocytes from the four to five individual mice of each experimental group were pooled and resuspended in Click's medium supplemented with 10% fetal bovine serum, 5 ϫ 10 Ϫ5 M 2-mercaptoethanol, 100 U/ml of penicillin, and 100 g/ml of streptomycin (complete medium). One-ml triplicate aliquots of 5 ϫ 10 6 cells/ml were added to 24-well tissue culture plates (Costar polystyrene no. 3524) and stimulated with 2 g/ml concanavalin A (ConA) or left unstimulated. Lymphocytes from four to five individual mice of each experimental group were pooled, aliquoted at 5 ϫ 10 5 cells in 0.2 ml of complete medium in triplicate into 96-well tissue culture plates (Costar polystyrene no. 3595), and stimulated with 2 g/ml ConA or left unstimulated. Culture supernatants from both lymph nodes and splenocytes were harvested after 48 h of incubation and stored frozen at Ϫ80°C until cytokine measurement. Cytokines from the lymph node and spleen culture supernatants were quantified using cytokine-specific enzyme-linked immunoabsorbant assay (ELISA) kits for mouse interleukin 2 (IL-2), gamma interferon (IFN-␥), IL-4, and IL-10 (eBioscience, San Diego, CA) according to the manufacturer's instructions. ELISA assays that compared the effects of B. burgdorferi-infected ticks and uninfected ticks on cytokine production were performed in the same 96-well ELISA plate.
Statistical analysis. Statistical significance was evaluated using the Graphpad Prism, version 4.0, software program for the Macintosh (GraphPad Software, Inc.). One-way analysis of variance (ANOVA) with a Newman-Keuls multiplecomparison posttest was used to evaluate statistical significance. When the overall P value for ANOVA was Ͻ0.05, the Newman-Keuls multiple-comparison posttest was performed to determine significance between individual groups. Differences at P values of Ͻ0.05 in the posttest were considered significant.
RESULTS
LCs attenuate Th1-cell responses in the lymph nodes after tick feeding. I. scapularis tick feeding on mice has been shown to modulate ConA-induced T-cell cytokine production in lymph nodes and spleens, with a reduction in the Th1 cytokine IFN-␥ and an increase in the Th2 cytokine IL-4 (30, 42) . To determine whether the observed modulation was mediated in part by LCs, we assessed the effects of tick infestation on cytokine responses in WT and Langerin-DTA transgenic mice ( Fig. 1 and 2 ). As expected based on previous studies with BALB/c and C3H/HeN mice (30, 42) , tick feeding suppressed ConA-induced IFN-␥ production by lymph node (Fig. 1a) and splenic ( Fig. 2a) T cells of FVB mice. The degree of suppression in lymph nodes depended on mouse gender; female FVB mice had greater ConA-induced responses at baseline in lymph nodes than male mice. However, in five independent experiments, we found higher levels of ConA-induced IFN-␥ in lymph node cultures from Langerin-DTA mice infested with ticks than in similarly stimulated lymph node cells from tickinfested WT mice (Fig. 1a) . Although tick feeding on WT mice suppressed the production of IFN-␥ by splenic T cells, the absence of LCs had no effect on this response (Fig. 2a) . Tick feeding on WT mice did not attenuate IL-2, but an absence of LCs led to a statistically significant increase in production of this cytokine after ConA stimulation of lymph node cells in the females (Fig. 1b) (P Ͻ 0.05).
The Th2 cytokine IL-4 was not detected in uninfested WT or Langerin-DTA lymph node (Fig. 1c) or splenic (Fig. 2b) T-cell culture supernatants after ConA stimulation. Tick feeding on these mice increased IL-4 production in both mouse groups, consistent with results reported in previous publications (30, 41, 42) , but LC deficiency did not affect IL-4 levels. The Th2 cytokine IL-10 could also be detected in ConA-stimulated lymphocytes only after tick feeding, but no significant differences were found in the presence or absence of LCs (Fig. 1d) .
B. burgdorferi infection of nymphs induces Th1 responses in lymph nodes in the absence of LCs. Previous studies with C3H mice have suggested that the Th polarization resulting from tick feeding could facilitate B. burgdorferi infection (42) . We therefore examined the effects of B. burgdorferi-infected ticks on the Th1/Th2 polarization in lymph nodes ( Fig. 1) and spleens ( Fig. 2) of FVB mice. B. burgdorferi-infected-tick feeding led to as much as a fourfold enhancement of ConA-induced IFN-␥ production by lymph node T cells for both WT and Langerin-DTA mice relative to that for uninfected ticks, indicating that the presence of this extracellular pathogen overrides any suppressive effects of tick feeding on Th1 responses (Fig. 1a) . In male mice, the effect of B. burgdorferi infection on tick-mediated modulation of IFN-␥ production was specific to the lymph nodes (Fig. 1a) , since no significant differences in ConA-induced IFN-␥ production by splenocytes were found 7 days after tick placement (Fig. 2a) . Since B.
burgdorferi remains localized to the skin for up to 48 h after tick detachment (6 to 8 days after tick placement) (33), the absence of effects of B. burgdorferi infection on splenic T-cell responses at this time point may be expected. However, as in the experiments with the uninfected ticks, there were differences based on mouse gender. The feeding of B. burgdorferi-infected ticks resulted in elevated IFN-␥ levels in both the lymph nodes (Fig.  1a) and the spleens (Fig. 2a) of female Langerin-DTA mice compared to results for female Langerin-DTA mice that were infested with pathogen-free ticks (P Ͻ 0.05 for lymph nodes and spleen) or to results for female WT mice that were infested with B. burgdorferi-infected ticks (P Ͼ 0.05 [lymph nodes] and P Ͻ 0.05 [spleen] ). With the exception of WT males, the feeding of B. burgdorferi-infected ticks did not dramatically alter IL-2 levels in the lymph nodes of WT and Langerin-DTA mice compared to those for mice that were infested with pathogen-free ticks (Fig. 1b) . Compared to responses induced by uninfected ticks, the feeding of B. burgdorferi-infected ticks increased ConA-induced IL-4 levels in the lymph nodes of WT mice of both genders but not Langerin-DTA mice (Fig. 1c) . In the spleens, B. burgdorferi-infected-tick feeding resulted in diminished ConA-induced IL-4 levels in both the WT and Langerin-DTA mice in comparison to results with feeding of uninfected ticks (Fig. 2b) . The feeding of B. burgdorferi-infected ticks also resulted in elevated IL-10 levels in the lymph nodes of both WT and Langerin-DTA mice in comparison to results for feeding of uninfected ticks (Fig. 1d) . These effects of B. burgdorferi-infected tick feeding on the Th2 cytokines IL-10 FIG. 1. Absence of LCs alleviates tick-induced suppression of IFN-␥ production by lymph node cells, but tick-feeding modulation of IFN-␥ cannot be seen in the presence of B. burgdorferi. Groups of WT and Langerin-DTA mice (Tg) (four males or four females per group) were either left uninfested or infested with either specific-pathogen-free or B. burgdorferi-infected nymphal ticks (10 ticks/mouse). Mice were sacrificed 7 days later, and lymphocytes from the lymph nodes (LNs) were cultured in the presence of 2 g/ml of ConA for 48 h. IFN-␥, IL-2, IL-4, and IL-10 production was determined by ELISA (a to d). Samples from male and female mice were analyzed in the same ELISA plate. Error bars represent the standard error of the mean for each experimental group. * , differences between indicated groups were calculated by a Newman-Keuls posttest when P values were Ͻ0.05 by ANOVA and were denoted with asterisks as follows: * , P Ͻ 0.05; ** , P Ͻ 0.01; *** , P Ͻ 0.001. nd, not detected.
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and IL-4 varied depending on gender. For female mice, the feeding of B. burgdorferi-infected ticks resulted in significantly lower IL-10 and IL-4 levels for the Langerin-DTA mice than for WT mice ( Fig. 1c and d ) (P Ͻ 0.05), whereas for male mice, IL-10 was significantly elevated for Langerin-DTA mice compared to results for WT mice (Fig. 1d ) (P Ͻ 0.05) and no differences in IL-4 were detected (Fig. 1c) . Absence of LCs does not alter tick feeding on the murine host. It has been proposed that the Th modulation observed after tick infestation on mice helps prevent tick rejection, especially after repetitive feedings. We therefore examined whether the absence of LCs alters feeding patterns of specificpathogen-free or B. burgdorferi-infected ticks (Fig. 3) . Nymphal ticks feeding on WT and Langerin-DTA mice without previous tick exposure remained attached for similar durations of 3 to 4 days (data not shown), and there were no differences in the percentages of engorged ticks retrieved. The number of ticks that were retrieved from each mouse is shown in Fig. 3a and b, and all of these ticks were engorged. Compared to the average weight of an unfed nymphal tick (0.16 mg), the average weight of the ticks that fed on and detached from the WT and Langerin-DTA mice was significantly greater (approximately 4 mg; P Ͻ 0.001). Nonetheless, the engorged weights of the ticks after spontaneous detachment from WT and Langerin-DTA mice were not significantly different ( Fig. 3a and b) (P Ͼ 0.05). The bimodal distribution of tick weights is due to the sex of the ticks, since engorged female nymphal ticks are larger than engorged male ticks (6).
Although mice do not develop immunity to tick feeding (19) , other animal species (e.g., guinea pigs) develop immunity to repeated tick feeding, which has been shown to be due to the development of cutaneous basophil hypersensitivity to the tick (1, 4) . To ensure that LC deficiency did not alter mouse immunity to tick infestation, we measured the duration of tick feeding (data not shown) and weight of engorged ticks that had fed on mice repeatedly used as blood meal hosts (Fig. 3c) . Ticks feeding on mice that had previously served as blood meal hosts were still able to feed to repletion over 3 to 5 days, and there were no significant differences in tick weights.
DISCUSSION
Although many of the local effects of tick feeding on the host have been linked to components of tick saliva, the mechanism(s) whereby tick feeding leads to host immunomodulation regionally in the draining lymph nodes and systemically in the spleen remain poorly understood. The purpose of this study was to determine whether the regional and systemic effects of tick feeding on Th-cell dominance require epidermal LCs, which modulate T-cell priming and polarization toward different T-cell subsets in the lymph nodes. Our rationale was based on the fact that LCs are among the first immune components to respond to the penetration of the skin by the tick and therefore may shape the evolving host immune response to the feeding tick. In mice, the tick hypostome penetrates the epidermis and extends into the dermis, where a feeding pit is formed from which the blood meal is eventually ingested. Thus, both epidermal and dermal DCs would be expected to respond to tick infestation. The Langerin-DTA mice used in these studies specifically lack only epidermal LCs in the skin and have normal numbers of dermal DCs, including the recently identified population of langerin-positive (langerin ϩ ) dermal DCs, allowing us to differentiate the contribution of epidermal LCs specifically to the immune response to tick feeding (5).
The results reported here support a role for LCs in suppression of Th1-cell cytokine production in regional draining lymph nodes but not in the spleens of mice infested with specific-pathogen-free ticks. This effect appeared to be independent of IL-4 production, since no significant differences were consistently noted in the production of this cytokine in the presence or absence of LCs. These findings are in agreement with previous reports that LCs can suppress Th1-mediated inflammation in the contact model of type IV hypersensitivity (14) and suggest that they play a similar role in the immune response to tick feeding.
Tick saliva has been shown to prime DCs to induce Th2-biased immune responses in vitro and in vivo (21) , and prostaglandin E2 (PGE 2 ) has been identified as a component of tick saliva responsible for DC priming in vitro (3, 29) . LCs, in addition to expressing prostanoid receptors, express prostanoid synthases and are themselves a source of PGE 2 (3). It is possible that PGE 2 introduced via tick saliva may act upon LCs or complement their tolerogenic role in the context of tick feeding. Nonetheless, the enhanced IFN-␥ production in Langerin-DTA mice upon tick feeding indicates that any PGE 2 introduced at physiological levels as a component of tick saliva cannot compensate for the lack of LCs in vivo.
Overall, our results suggest a tolerogenic role for LCs in the context of tick feeding and are in accord with the report that tick saliva primes DCs to induce Th2-biased immune responses (21) . In contrast, Kabashima et al. reported that PGE 2 signaling plays a role in the initiation of antigen-specific immune responses by enhancing the T-cell stimulatory capacity of LCs (13) . Using the classic contact hypersensitivity assay and mice depleted of langerin ϩ cells using diphtheria toxin, this group has shown that PGE 2 acts through langerin ϩ cells to enhance skin immune responses to the hapten dinitrofluorobenzene. Indeed, it has been debated whether LCs play a tolerogenic or immunostimulatory role. Given the later kinetics of migration of epidermal LCs relative to DCs to the lymph nodes (5), we have suspected that LCs serve to modulate T-cell priming by the dermal DCs. The recent identification of a subset of dermal langerin ϩ dendritic cells has reconciled the differences noted in contact hypersensitivity between mice depleted of langerin ϩ cells after development versus those congenitally depleted. Dermal langerin ϩ dendritic cells, which are distinct from LCs (5), possess immunostimulatory capability and have not been considered when interpreting the results of previous publications. The Langerin-DTA mice employed in our study allowed us to differentiate the specific contribution of LCs to the im- mune response to tick feeding because they have normal numbers of dermal langerin ϩ DCs and lack only epidermal LCs. It has been postulated that the immunosuppressive effects of tick saliva could impair the immune response to a tick-transmitted pathogen. We found that tick feeding was unable to attenuate the strong host immune response to B. burgdorferi. The feeding of B. burgdorferi-infected ticks increased IFN-␥ production by ConA-stimulated lymph node cells of both WT and Langerin-DTA mice by as much as fourfold and also elevated lymph node IL-4 production to a lesser extent in the WT mice. There were also no differences in Borrelia antigenspecific immune responses in WT and Langerin-DTA mice infected by tick bite, assessed 14 days after tick infestation (data not shown). Although the feeding of B. burgdorferi-infected ticks masked the LC-mediated attenuation of Th1 responses seen when uninfected ticks feed, a role for LCs in regulating the Th1/Th2 balance can still be appreciated in female Langerin-DTA mice, where B. burgdorferi-infected tick feeding resulted in significantly diminished IL-4 levels compared to those for WT mice. In addition, B. burgdorferi-infected ticks increased ConA-induced IL-10 production for both WT and Langerin-DTA mice (Fig. 1d) . These findings indicate that the feeding of B. burgdorferi-infected ticks masked the LC-mediated attenuation of Th1 responses seen when uninfected ticks fed on mice and that tick feeding is unable to dampen the strong immune response to this pathogen. Neither IL-4 nor IFN-␥ is necessary for host resistance to B. burgdorferi infection or disease, and we found no differences in pathogen burden at the tick feeding site in LC-deficient and WT mice (data not shown).
Although we observed enhanced Th1 responses after uninfected tick feeding on LC-deficient mice, the altered T-cell responses did not impact tick feeding or refeeding. These findings are consistent with the observation that acquired resistance to tick feeding is mediated by basophils, a cell type not present in mouse skin (1) .
We observed dissociation of host immunomodulation between the lymph nodes and spleen following tick feeding, since tick feeding on mice deficient in LCs resulted in enhanced immune responses in the lymph nodes but not the spleen relative to results for WT mice. To our knowledge, this is the first report of dissociation between tick modulation of lymphnode and splenic T-cell responses. It is not surprising that differences between the Langerin-DTA and WT mouse groups upon tick feeding were evident in the lymph nodes, since LCs are known to migrate from the epidermis to the lymph nodes, where they influence Th-cell responses. Although DC subsets, including langerin ϩ DCs, which are distinct from epidermal LCs, are found in the spleen, there is no evidence of epidermal LCs at that site (7). Another interesting observation was the inherent sex-based differences in IFN-␥ production in the mice in our study. Female mice, regardless of whether they were WT or Langerin-DTA, tended to produce higher levels of IFN-␥ at baseline and after tick feeding than did male mice. Upon feeding of B. burgdorferi-infected ticks, significantly lower levels of IL-4 and IL-10 were detected in the lymph nodes of female Langerin-DTA mice than in those of female WT mice, but different results were noted for male mice (Fig. 1c and d) . Similarly, upon feeding of B. burgdorferi-infected ticks, IFN-␥ levels were significantly higher in the spleens of female Langerin-DTA mice than in those of WT females, but there were no differences in the male mice (Fig. 2a) . The effect of mouse gender and the functional roles of distinct DC subsets for a pathogen remain unclear. DC subsets other than LCs are thought to prime immune responses in the lymph nodes and spleen, whereas LCs may regulate these DC-primed responses (5, 15) .
Similar observations that gender affects immunity have been reported for a mouse model of atherosclerosis, where sexbased differences in levels of Th1/Th2 cytokines correlated with sex-based differences in vascular repair (43) , and in a recent study that investigated the immunomodulatory effects of Ixodes ricinus tick feeding on immunization with bovine serum albumin-QuilA (22) . It is widely thought that the basis for such sex-based differences may be the effects of estrogen on immune responses, but additional, unknown factors may also be important. These findings underscore the need to consider influences of gender on immune responses when interpreting results from experiments utilizing mice of both genders.
In summary, our results demonstrate a role for LCs in the tick-feeding-induced reduction in Th1-cell responses in regional draining lymph nodes. Further studies are in progress to delineate the mechanism whereby tick salivary components may influence LC function to modulate lymph node responses.
